were prepared as described by Reilly and Spizizen (21). The phage particles were purified by repeated differential centrifugation and further by linear sucrose gradient (5 to 30%) centrifugation for 30 min at 24,000 rev/min at 5 C in an SW25-2 rotor of the Spinco model L2 ultracentrifuge. Phage DNA was extracted twice with phenol (17). The aqueous layer was dialyzed extensively against standard saline citrate (SSC).
MATERIALS AND METHODS Bacteria and phages. B. subtilis 168 (trp C2) and B. subtilis SR22 (spoA12 trpC2) were used in these studies and will be referred to as 168 and spoA, respectively. SR22 is an early blocked asporogenous mutant which is deficient in the production of extracellular proteases and an antibiotic (12 were prepared as described by Reilly and Spizizen (21) . The phage particles were purified by repeated differential centrifugation and further by linear sucrose gradient (5 to 30%) centrifugation for 30 min at 24,000 rev/min at 5 C in an SW25-2 rotor of the Spinco model L2 ultracentrifuge. Phage DNA was extracted twice with phenol (17) . The aqueous layer was dialyzed extensively against standard saline citrate (SSC).
Assay for infectious DNA. Infectivity of c2 DNA was assayed by using the transfection system according to the methods of Reilly and Spizizen (21) .
Preparation of 32P-labeled T7 and T4 DNA. E. coli B/5 was grown in low-phosphate broth containing 15 ,uCi Of 32p per ml. Dephosphorylated broth was prepared by a procedure ofJ. Abelson (personal communication). A 5-g amount of peptone (Difco) and 8 g of nutrient broth (Difco) were dissolved in 60 ml of distilled water. The addition of 8.5 ml of 5 N HCI to the chilled solution was followed by centrifugation at 4 C for 20 min at 3,000 X g. After neutralizing the supernatant with S N NaOH, 2.5 g of NaCl, 1 g of glucose, and 2.5 ml of 1 M MgCl5 were added and mixed for 5 min. Concentrated NH4OH (5 ml) was added to the chilled solution with constant stirring. After centrifugation for 20 min at 3,000 X g, 12 g of tris (hydroxymethyl) aminomethane (Tris) was added to the supernatant and the solution was adjusted to pH 8.0 with HCl. The volume was then adjusted with distilled water to 1 liter and autoclaved.
When the bacterial density reached 2 X 108 cells/rnl, the cultures were infected with T4 and T7 at a mul-ITO AND SPIZIZEN at 37 C, the infected cells were lysed by the addition of chloroform.
The phage particles were centrifuged for 2 hr at 25,000 X g at 4C in a no. 19 (4) was used. Heat-denatured DNA was diluted with 6 X SSC and passed through a membrane filter (Schleicher and Schuell, 25 mm) which was presoaked in 6 X SSC for 2 hr. After washing with 50 ml of 6X SSC, the filter was dried at room temperature and further dried at 80 C in a vacuum oven for 2 hr. The DNA filter was preincubated for 6 hr in glass vials containing 1.4 ml of bovine serum albumin solution (0.04% in 3 X SSC). The fragmented, heat-denatured labeled DNA was added. After incubation at 60 C for 20 hr, the filters were dipped briefly in Tris-hydrochloride buffer (0.003 M at pH 9.4), and both sides were washed with 100 ml of Tris-hydrochloride buffer by suction filtration.
Preparation of labeled RNA. The ¢2-infected cells were labeled with 10,Ci of 3H-uridine per ml (26.2 mCi/mmole) for 5 min at the times indicated in Fig. 6 . After each 5-min interval, chloramphenicol was added to a final concentration of 100 ,g/ml and the culture was immediately chilled in ice water. Ribonucleic acid (RNA) was isolated by the method of Okamoto et al. (20) .
DNA-RNA hybridization. DNA-RNA hybridization was performed by the procedure of Gillespie and Spiegelman (7) by using 1 amyloliquefacienis H strain.
Transduction. Transduction was performed by using the generalized transducing phage PBS1 (31) . Asporogenous mutants were grown in Penassay broth for 3 to 4 hr at 37 C. Highly motile bacteria were diluted 1:10 in fresh broth and infected with PBS1 as modified by Hoch et al. (11) .
For two-factor transduction, the recipient cells (auxotrophs) were grown in Penassay broth at 37 C for 3 to 4 hr until cells became motile. A 1-ml amount of highly motile cells was mixed with 1 ml of donor lysate and shaken at 37 C for 20 min. The bacteria were then sedimented by centrifugation and resuspended in 1 ml of Spizizen's minimal medium (26) . Samples were spread on minimal glucose-agar plates and incubated for 48 hr at 37 C. The scoring of protease and antibiotic production has been described previously by Spizizen (27) . Determination of sporulation was performed by streaking the colonies on AK agar plates, incubating at 37 C for 2 (23) . As shown in Fig. 2A and 2B , both 168 and spoA infected with 42 stimulated the incorporation of 3H-thymidine into the acid-insoluble fraction of mitomycin-treated cells, whereas almost no incorporation occurred in uninfected 168 and spoA under these conditions. It should be noted in Fig. 2B that incorporation of 3H-thymidine in +2-infected 168 stopped about 20 min after phage addition, whereas incorporation of 3H-thymidine in +2-infected spoA continued for approximately 45 
FIG. 2. (A)
The inzcorporation of 3H-thymidine into DNA in mitomycin-treated Bacillus subtilis spoA cells infected with 92. Cells were grown in 10 ml ofPenassay broth to 2 X 108 cells/ml. The culture was treated with mitomycin C (I gg/ml) for 10 min at 37 C without shaking. After centrifuigation, cells were resuspended in faster than T7 DNA. The molecular weight of )2 DNA is estimated to be in the vicinity of 105 X 106, according to Studier (28) .
When DNA isolated from 42-infected spoA and DNA from 42-infected 168 cultures 30 min after infection were sedimented in neutral sucrose gradient, it was observed that DNA from 4)2-infected 168 sedimented slower than DNA isolated from 4)2-infected spoA cells (not shown). Figure 5 shows the sedimentation pattern of DNA isolated from both 4)2-infected 168 and spoA cells in an alkaline sucrose 4 isolated by treating spores with EMS and ex-2 ml of phage adsorption medium. The cell suspension was divided into two equal portions. One portion of the cell suspension was mixed with 'k2 at a multiplicity of 10 and incubated without aeration for 10 min at room temperature. The other portion of the cell suspension remained uninfected. Cells were then transferred into 3H-thymidine incorporation medium containing 5 ml of Penassay broth, 0.5% glucose, 400 j.g of deoxyadenosine, and 10 ,uCi of3H-thymidine (18.35 Ci/mmole). Tlle cultures were incubated with shaking at 37 C. At the indicated time, 0.5 ml of the sample was removed and treated with trichloroacetic acid, and the precipitate was counted. Symbols: 0, +2-infected; 0, uninfected. (Fig. 7) . The other group of mutants is in a cluster linked tightly to phe. Table 2 shows the relative efficiency of plating of )2 on some of the permissive mutants. Generally, it appears that mutants linked to the lys marker give better yields of 42 than mutants linked to phe A. There are other classes of asporogenous mutants which give low efficiency of plating of 42. However, they have not been analyzed genetically. Twenty-five minutes later, the cells were collected and the DNA was extracted. 32P-T7 DNA was added as a reference in the gradient. The mixtures were denatured in 0.1 N NaOHjust before layering on a sucrose gradient containing 0.9 M NaCl, 0.1 M NaOH, and 0.001 M (2) . However, in these systems, the restrictive function is apparent immediately after phage DNA injection. The present system of abortive infection appears to differ in that some phage DNA is synthesized, as well as mRNA. There was no extensive degradation of DNA to acid-soluble material (unpublished data). It is probable that the low levels of other nucleases present in B. subtilis (16) may limit the phage DNA degradation. Thus, B. subtilis releases transforming DNA into culture medium during growth (3, 30) . It is well known that the restriction endonucleases in E. coli produce limited double-strand scissions, but that other nucleases normally present degrade the restricted phage DNA to acid-soluble products (2) .
The possibility that immunity conferred by defective bacteriophages could account for the abortive infection, as suggested by Goldberg and Bryan (8) Recently, tet mutants have been isolated which are tolerant to T-even bacteriophage infection (18) . In this case, early enzymes are made as well as T-even phage DNA. Although no degradation to acid-soluble products of the phage DNA was found, it is suspected that the DNA synthesized in tet mutants was partially degraded. In another case, T7 phage replication was found to be aborted in a strain of Shigella sonnei, even though phage DNA synthesis occurred for the first few minutes (10) . It has been shown that a T7-induced deoxyribonuclease presumably caused degradation of this DNA (10) . Such a possibility has not been excluded in the case of the 4)2 system.
Another possibile mechanism which could account for abortive infection would be that RNA polymerase of 168 significantly differs from that of spoA and that the 168 RNA polymerase cannot transcribe the late genes of 42. Although we cannot rule out this possibility at present, it should be mentioned that we have examined more than 30 rifamycin-resistant mutants of 168 for 4)2 sensitivity, and none of these was found to be permissive for this phage. Therefore it is interesting to point out some obvious differences between the 4e system (15, 25, 26) (12, 13, 22, 32) .
Additional possibilities to explain the abortive replication of 42 can be envisioned. For example, the involvement of unique membrane components in phage restriction as suggested by recent studies with T4 phage (5, 19) may be germane to our system, since the membrane may be altered in the 42-sensitive mutants. This possibility becomes more plausible if one considers the pleiotropic effects which occur in these early asporogenous mutants. Further detailed investigations will be I needed to clarify these possibilities.
